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Gravity forces instead of centrifugal forces 
 Higher gas-solid slip velocities 
 Improved bed uniformity/reduced reactor volume 
 Increased volumetric production/consumption rates 
 
 
Momentum, heat and mass transfer intensification  
GSVR Technology at the LCT: Developing fundamental understanding 
Cold flow Hot flow unit Experiments & CFD simulations 
Aschcraft et al. Chem. Eng. J. 
207, 195 (2012) 
Kovacevic et al. 
Chem. Eng. Sci. 123, 
220 (2015) 
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GSVR Demonstration  Unit 
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 Proof-of-concept unit → First reactive GSVR 
 Biomass → High value chemicals, fuels and energy 
 Unit Design → Optimized for basic research purposes  
0.14-1.1 g/s 
5-10 g/s 
N2-to-Biomass ratios 
7-36 
GSVR Demonstration  Unit 
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Design of the GSVR: 3D view 
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Nitrogen 
800 – 900K 
5.0 – 10 g/s  
Biomass 
dpmax ≈ 1.0 mm 
0.14 – 1.1 g/s  
Gas-solid 
723 – 773K 
120 mm 
Design of the GSVR: 3D view 
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8 inlet slots 
10° with respect to the tangent 
1 mm width 
Gas inlet velocity 60-140 m/s 
Inlet slots in one piece easy to replace 
Design of the GSVR: 3D view 
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 High speed (3-5 rps) 10 mm screw 
for biomass injection 
 Jacketed 
 18° inclination with the horizontal 
plane 
 
 Diverging side wall shape 
 Reduced backflow 
 Recovery of kinetic energy 
of the swirl into pressure 
(Shtern and Hussain, 
Phys. Fluids A 5(9) 2183, 
1993) 
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Design of the GSVR: Operation regime 
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Particle: Cylinder 2.5-3.5 
aspect ratio, thermal cond. 0.11 
W/mK. 
                                       
                                      1 
 
 
Bi: (Convection gas-solid 
interface)/(Conduction inside 
the pellet). 
 
Py: (External or internal thermal 
energy transfer)/(reaction rate).2 
 
λ→f(Re, Pr, voidage) Gunn 
correlation.3, 4 
(1) Lu et al. Fuel. 89, 1156 (2010) 
(2) Pyle et al. Chem. Eng. Sci. 39, 147 (1984) 
(3) Gunn et al. Int. J. Heat Mass Transfer. 21, 467 (1978) 
(4) Tavassoli et al. Chem. Eng. Sci. 129, 42 (2015) 
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Gas-only CFD simulation results 
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 N2 mass flow: 6.67 g/s
 
 Inlet temperature: 842K 
 Turbulence model: RSM 
 Compressible flow 
 2.8 million cells mesh 
 3rd order discretization 
[m/s] 
 Rotating flow in the outer annulus induced 
by acceleration of the gas at the main inlet. 
 Uniform velocities at the slots inlet. 
Gas-only CFD simulation results 
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 N2 mass flow: 6.67 g s
-1 
 Inlet temperature: 842K 
 Turbulence model: RSM 
 Compressible flow 
 2.8 million cells mesh 
 3rd order discretization 
 
 
 Backflow is minimized and 
displaced upwards towards the 
outlet 
[m/s] 
Gas-only CFD simulation results 
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 N2 mass flow: 6.67 g s
-1 
 Inlet temperature: 842K 
 Turbulence model: RSM 
 Compressible flow 
 2.8 million cells mesh 
 3rd order discretization 
 
 
Gauge Pressure [Pa] 
 ΔP main inlet: ~3 kPa 
 ΔP inlet slots: ~9 Kpa 
 Total ΔP: ~20 kPa 
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Biomass Feeding 
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Solution 
 Fine pitch: 0.14-0.56 g/s 
 Coarse pitch: 0.56-1.1 g/s 
Feeding accuracy criteria: Relative 
standard deviation (RSD) based on 
samples taken over 60 s intervals 
 RSD < 5% 
 
Results of two test with poplar and 
one test with walnut shell (dp ≤1.5 
mm) 
 RSD: 0.5-2.6% 
  
Biomass Feeding 
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Electric motor 
variable speed 
Input 
assembly 
Needle bearings 
Feeding biomass with restrictions (fixed angle 
and diameter ≤ 10 mm) 
 No commercial solution 
 Angle of 18° 
Solution developed at the LCT 
 Operating between 3-5 rps 
 Feed rates up to 1.1 g/s of poplar (dp≤1.5 mm) 
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Bio-oil Condensation System 
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15 KV ESP 
System description 
 Height of the cooling section 1 m 
 Internal diameter of the tubes 0.1 m 
 Gas inlet velocity (1.1 – 2.3 m/s) 
 Heat transfer area 1.26 m2 
 Required heat transfer area 1.1 m2 
 
Trace-heated inlet 
prevents clogging 
 
Tangential inlet 
enhances heat 
transfer 
Water: Max Cooling demand 7 kW, 0.1dm3/s 
Silicon Oil: Max Cooling 
demand 1.8 kW 
Features 
 Compact, Min pressure drop 
 Recovery of 99% of condensable 
 No contamination of the bio-oil 
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Conclusions 
First GSVR demonstration unit for Fast 
Pyrolysis 
 Enhanced Interfacial Heat Transfer 
(λ ≈ 500-900 W/m2s) 
 Improved Bed Uniformity and Pyrolysis 
Temperature Control 
 Very short Residence Time of the Pyrolysis 
Vapors (<120 ms) 
 Increased bio-oil Volumetric Production 
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Questions 
• Thank you very much for your attention! 
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1.40 (0.5) 2.78 (1) 4.17 (1.5) 5.56 (2) 6.94 (2.5) 8.33 (3) (9.72) 3.5 11.1 (4)
5.0 (18) 804 835 865 895 924 954
5.8 (21) 801 828 854 880 906 932
6.7 (24) 797 820 842 865 887 909 931 954
7.5 (27) 795 815 836 856 876 896 916 936
8.3 (30) 792 810 829 847 865 883 901 918
9.2 (33) 791 807 824 841 858 874 890 907
10 (36) 789 804 820 835 850 865 880 895
N2 flow rate,
10
3
kg s
-1
 (kg h
-1
)
Biomass flow rate, 104kg s-1 (kg h-1)
1.40 (0.5) 2.78 (1) 4.17 (1.5) 5.56 (2) 6.94 (2.5) 8.33 (3) (9.72) 3.5 11.1 (4)
5.0 (18) 36 18 12 9 7 6
5.8 (21) 42 21 14 11 8 7
6.7 (24) 48 24 16 12 10 8 7 6
7.5 (27) 54 27 18 14 11 9 8 7
8.3 (30) 60 30 20 15 12 10 9 8
9.2 (92) 66 33 22 17 13 11 9 8
10 (36) 72 36 24 18 14 12 10 9
N2 flow rate,
10
3
kg s
-1
 (kg h
-1
)
Biomass flow rate, 104kg s-1 (kg h-1)
T
e
m
p
e
ra
tu
re
 [
K
] 
Nitrogen-to-biomass mass flow ratios 
Restrictions at high T 
 Material of construction 
 Gas heating 
Restrictions at low ratios 
 Excessive dilutions 
 Product recovery at very low T (< 0 °C) 
Restrictions at low biomass flow rate 
• Decreasing feeding accuracy 
• Higher N2 flows through the solids feeding line 
Operation conditions 
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5.0 (18) 1.31 97% 4.16 99%
6.7 (24) 1.43 96% 4.29 99% 8.20 99%
8.3 (30) 1.66 95% 4.40 99% 8.22 99%
10 (36) 1.67 93% 4.52 99% 8.33 99%
N2 flow rate,
10
3
kg s
-1
 (kg h
-1
)
Biomass flow rate, 104kg s-1 (kg h-1)
1.40 (0.5) 5.56 (2) 11.1 (4)
Wt. % of condensable recovered at -25°C 
Based on AspenPlus® calculations using 
models compounds to represent bio-oil 
Operation conditions 
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1.40 (0.5) 2.78 (1) 4.17 (1.5) 5.56 (2) 6.94 (2.5) 8.33 (3) (9.72) 3.5 11.1 (4)
5.0 (18) 62 65 67 69 71 74
6.7 (24) 82 85 87 89 91 94 96 98
8.3 (30) 102 104 107 109 111 114 116 118
10 (36) 122 124 127 129 131 134 136 138
N2 flow rate,
10
3
kg s
-1
 (kg h
-1
)
Biomass flow rate, 104kg s-1 (kg h-1)
Gas injection velocities (m/s). Range 60-140 m/s 
• Gas injection velocities from 55 to 111 m/s and particles with densities of 950-
1800 kg/m3 and 1-2 mm diameter were studied in the cold flow setup (Kovacevic et 
al. Chem. Eng. Sci. 106, 293 (2014), Kovacevic et al. Chem. Eng. Sci. 123, 220 (2015)) 
• Bed stability increases by decreasing both, solids density and solids diameter 
• Bed stability increases by increasing gas injection velocity     
Inlet slots in one piece: 
• Easier to install 
• Minimize metal expansion effects (high T) 
• More flexibility because gas velocity can be 
adjusted in a wider range 
Operation conditions 
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Rapid quenching leads to higher 
bio-oil yields provided that 
biomass remains in the GSVR the 
time required for complete 
conversion 
Approximated values 
Design of the GSVR: Operation regime 
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Solid mass conservation: 
𝜕(𝜌𝑠,𝑖)
𝜕𝑡
=𝜔𝑠,𝑖 
Gas phase mass conservation: 
𝜕(𝜌𝑔)
𝜕𝑡
=𝜔𝑔 −
1
𝑟
𝜕(𝑟𝜌𝑔𝑢𝑔/𝜀)
𝜕𝑟
 
Gas mass conservation: 
𝜕(𝜌𝑔,𝑖)
𝜕𝑡
=𝜔𝑔,𝑖 −
1
𝑟
𝜕(𝑟𝜌𝑔,𝑖𝑢𝑔/𝜀)
𝜕𝑟
 
Energy conservation: 
𝜕(𝜌𝐶𝑝𝑇)
𝜕𝑡
=𝑞 −
1
𝑟
𝜕(𝑟𝜌𝑔,𝑖𝑢𝑔/𝜀)
𝜕𝑟
  − 𝑟𝜆𝑠
𝜕𝑇
𝜕𝑟
 
𝜕𝑇
𝜕𝑟
=
𝒉𝒕𝒄
𝜆
 (𝑇𝑓𝑔 − 𝑇𝑠)  
𝑟=𝑅
 
htc=750 W/m2K htc=350 W/m2K 
Kinetic model: Lumped 
Miller and Bellan. Energy Fuels. 12, 
25 (1998) 
